Gigahertz acoustic waves propagating on the surface of a metal halfspace are detected using different all-optical detection schemes, namely, deflectometry and beam distortion detection techniques. Both techniques are implemented by slightly modifying a conventional reflectometric setup. They are then based on the measurement of the reflectivity change but unlike reflectometric measurements, they give access to the sample surface displacement. A semi-analytical model, taking into account optical, thermal, and mechanical processes responsible for acoustic waves generation, allows analyzing the physical content of the detected waveforms.
I. INTRODUCTION
Since the first works by Lord Rayleigh in 1885, the propagation of surface acoustic waves (SAWs) on the free surface of an elastic halfspace have been largely studied. These waves are of great interest for many applications such as seismology, nondestructive testing and evaluation or acoustic microscopy. Many theoretical studies of the propagation of SAWs on anisotropic halfspaces 1 or of the interaction of SAWs with defects 2, 3 have therefore been led. High frequency SAWs (from hundreds of MHz to few tens of GHz (Refs. 4 and 5)) appear of great interest for signal processing in telecommunication, or for nondestructive testing in order to scan surfaces or to detect surface or subsurface defects. In this context, a particular attention is directed towards the generation/reception of SAWs by noninvasive laser techniques. High frequency SAWs can be generated in the thermo-elastic or ablation regime using focused laser pulses, 6 transient optical gratings, 7 or metallic nanopattern 8 for photoelastic transduction. However, there is an important need to develop simple and efficient techniques which are able to measure properties of these waves. Laser-ultrasonic (LU) techniques are powerful tools for the generation and the detection of acoustic waves. Both theoretical and experimental aspects of the generation and detection by nanosecond laser pulses have been extensively studied for more than thirty years. Numerous works are now considering picosecond LU techniques, 9 allowing the generation of higher acoustic frequencies (up to THz) and better spatial resolution thanks to shorter femtosecond laser pulses and tighter focusing. Picosecond LU techniques are based on pump-probe setups. A pump laser pulse is absorbed by the sample and generates acoustic waves via photothermal and thermomechanical couplings. A time-delayed probe pulse interacts with the sample surface, and the probe light reflected by the sample is analyzed, providing information on the generated acoustic waves.
Among the different optical detection schemes, reflectometric and interferometric techniques are the most used to study the picosecond SAWs. Reflectometry allows the measurement of changes in the intensity of the probe pulse after reflection on the sample. This technique is not directly sensitive to the surface displacement, 10 but has recently allowed measurements of the strain induced by SAWs propagation by taking advantage of optical birefringence. 11 Interferometric techniques measure both the amplitude and phase of the optical reflectivity change and is directly sensitive to the normal displacement of the sample surface. Picosecond time scale measurements of SAWs have been carried out using different interferometric setup such as Michelson 12 or Sagnac-based. 13 If both reflectometry and interferometry are mature and experienced techniques, they both have limitations in the purpose of SAWs detection: reflectometry requires strong photoelastic coefficient; implementation of interferometry is demanding in terms of stability and alignment sensitivity. In this paper, we demonstrate the suitability of alternative experimental setups to detect high frequency surface displacement while keeping the simplicity of reflectometric measurement. The first detection scheme, called deflectometry, has been widely used for more than 20 years 14, 15 to detect MHz acoustic waves generated by nanosecond laser pulses. This technique is based on the measurement of the variation of the probe beam direction after reflection on the sample surface: as a surface wave propagates, the sample surface undulates, causing the probe laser beam to be deflected. The second approach, the beam distortion detection (BDD) technique, 16 has been recently developed. This technique is based on the measurement of the probe beam radius changes. Because of the acoustic-induced local change in the surface curvature, the optical probe beam radius is modified after reflection on the sample. Although these techniques seem accurate candidates to measure SAWs, only very few experiments have been carried out in picosecond ultrasonics. 4 Thorough study of high frequency SAWs, using these two experimental techniques, have been performed and analyzed with semianalytical calculations.
In the following (Sec. II), the experimental setup and time resolved measurements of SAWs using the above-mentioned detection techniques are first presented. Then, in Sec. III, a semi-analytical model taking into account the photothermal generation and the thermo-acoustic coupling is developed in order to describe the generation and the propagation of the elastic waves in a semi-infinite medium. This model is based on analytical calculations of the temperature and displacement fields in the Fourier domain. Finally (Sec. IV), the experimental signals detected by deflectometry and BDD are interpreted with the help of the semi-analytical model.
II. EXPERIMENTS

A. Optical measurement of gigahertz surface acoustic waves
The pump-probe setup is described in Fig. 1 . Laser pulses of 100 fs duration, with a central wavelength λ ≈ 800 nm, are generated by a Ti:sapphire oscillator. The laser beam is split using a polarizing beam splitter (PBS1 in Fig. 1 ) to provide synchronous pump and probe pulse trains of repetition frequency 82 MHz. Probe pulses are time-delayed with respect to pump pulses (up to 6 ns) by a motorized delay line in order to measure the time-resolved reflectivity change of the sample. Both pump and probe beams are focused on the sample by a ×100 (N.A. 0.8) microscope objective allowing a focus spot size close to the diffraction limit.
Linearly polarized pump pulses are partially absorbed and create a localized and prompt heating of the sample. The ensuing thermal expansion generates acoustic waves via thermo-elastic coupling. Modeling of this opto-acoustic transduction process is detailed in Sec. III. The pump beam is modulated at a frequency f m = 330 kHz by an acousto-optical modulator to provide reference for lock-in amplification. In order to decrease the focus spot size on the sample, and hence generate higher frequency acoustic waves, pump pulses are frequency-doubled in a β-barium borate crystal (λ pump ≈ 400 nm). The incident pump power is approximately 200 μW on the sample.
After reflection on the sample surface, the circularly polarized probe beam is focused by a collecting lens on a photodiode, the output of which is lock-in amplified. variation of photodiode output tension V/V is therefore proportional to the relative variation of the sample reflectivity R/R. The 1/e radius of the pump and probe spot sizes are measured from the intensity profiles recorded by a CCD camera at ≈400 nm and 800 nm, respectively.
In order to study the propagation of SAWs, the distance d between pump and probe spots on the sample surface can be increased (see Fig. 2 ). The pump beam passes through a confocal telescope: translating transversally one of the lens of the telescope (labeled L 2 ) modifies the direction of the pump beam and consequently the position of the pump spot on the sample. L 2 is mounted on a motorized translation stage which allows tuning distance d up to about 6 μm.
Three different measurements can be carried out with this experimental setup. The first technique is a conventional measurement of the real part of the photo-induced reflectivity change as a function of the pump-probe delay t (reflectometry measurement). This measurement provides access to the in-depth strain and temperature fields. 10 However, probing of the surface displacement, and in particular of surface waves, is not possible.
In the second technique, called deflectometry, a knife edge is placed in front of the collecting lens ( Fig. 3(a) ). This knife edge is centered to transmit 50% of the probe power when the sample is not excited. The spatial wavelength of the generated SAWs is comparable with the probe spot size on the sample. In this configuration, probe beam optical diffraction due to the surface deformation is negligible and we consider that the probe beam reflection can be described by the geometrical optics. [17] [18] [19] The probe beam deflection modifies the probe power shadowed by the knife edge, thus transmitted to the photodiode. In the case of small surface displacement (typically of few picometers with a femtosecond laser thermoelastic source) compared to the acoustic wavelength, the power variation on the photodiode is directly proportional to the surface slope 17 ∂u 1 /∂x 2 at the center of the probe spot, u 1 being the surface normal displacement along the x 1 axis (see Fig. 2 for axis definition). Owing to axial symmetry of the source, the surface slope is always zero at the generation point. Consequently, it is necessary to separate generation and detection spots to measure a non-zero deflectometric contribution.
The third technique is referred to as the beam distortion detection (BDD) technique. 16 An iris is inserted before the collecting lens and the photodiode and is centered to maximize the probe power transmission. The displacement of the sample surface modifies the wavefront of the probe beam after reflection and consequently the size of the probe beam on the iris plane (see Fig. 3(b) ). Since the surface displacement is small compared to the probe beam optical wavelength (λ ≈ 800 nm), the variation of the probe beam power transmitted by the iris is directly proportional to the normal displacement of the surface u 1 . In order to maximize the sensitivity to beam distortion, the average iris transmission is set to ≈65%. 16 Note that both BDD and deflectometry techniques allow access to the surface displacement (or its spatial derivative), but also contain photothermal and photoelastic contributions as they both result from modified reflectometry measurements.
B. Time resolved measurements
Measurements using these three different techniques have been carried out on a semi-infinite titanium alloy sample (Ti6Al4V) of density ρ = 4500 kg m −3 . Thermal and optical parameters of this sample are taken from Ref. 20: thermal conductivity κ = 21.9 W m
, and refractive index n = 1.55 + 2.15j at 400 nm. For all measurements presented in this paper, a specific attention has been paid to the position of the sample surface with respect to the probe beam waist. Indeed, the contribution of the beam distortion to the reflectivity change is zero when the sample is exactly at the probe waist position, and it presents two maxima (with opposite signs) at specific positions above and below this waist position. 16 When setting the sample to any of these optimum positions, a non-zero contribution of the beam distortion to the reflectivity change arises, even without an iris in the optical path, because of the clipping of the reflected probe beam by the microscope objective. The sample position has then been set to about 1 μm above the probe focus in order to measure no beam distortion contribution when there is no iris in front of the photodiode, and to measure a non-zero BDD signal with the iris. Figure 4 shows comparison between the relative variation of photodiode voltages V/V (in phase with pump modulation) measured with the different techniques. V/V for negative delays has been set to zero to remove the photothermal contribution to the reflectivity change at the pump modulation frequency f m . 21 When pump and probe are superimposed (Fig. 4(a) ), the optical reflectivity measured with the classical reflectometric technique undergoes a sudden change at t = 0 (temporal synchronization of pump and probe pulses), due to the absorption of the pump pulses by conduction electrons in Ti. This electronic absorption takes place on a picosecond time scale, and is followed by a slower reflectivity decay due to the nanosecond time scale thermalization of the lattice. Because of the axial symmetry of the pump spot, the deflection of the probe beam is zero when the pump-probe distance is d = 0. V/V measured by the deflectometry technique (not shown in Fig. 4(a) ) is therefore equal to V/V measured by the reflectometry technique. With the same experimental conditions, V/V measured by the BDD technique shows a similar behavior. However, a clear contribution of the probe defocusing caused by the surface displacement is observed for pump-probe delays between 150 ps and 750 ps (with a maximum contribution around 350 ps).
In Fig. 4(b) , BDD and deflectometry measurements are compared for a pump-probe distance d = 4.1 μm. For a clearer comparison, Gaussian averaging over a ≈30 ps duration window has been added for both data sets and BDD measurement has been multiplied by two in order to have an amplitude similar to that of deflectometry measurement. 22 For this pump-probe distance d, the nanosecond time scale photothermal contribution to the reflectivity change is negligible as d is greater than the sum of the pump radius and the thermal diffusion length μ = κ/ρC p π f = 0.2 μm at the repetition frequency f of pump pulses. On both measurements, the observed variation of V/V is therefore associated to the propagation of SAWs. These variations are different according to the detection technique used. In particular, for delays between 1 and 2 ns, the deflectometry measurement is similar to the temporal derivative of the BDD measurement: it is zero when the BDD signal is minimum (see vertical dashed lines (ii) in Fig. 4(b) ), and has a local maximum when the BDD signal has a point of inflection (see vertical dashed lines (i) and (iii)). The signals presented in Fig. 4(b) contain contributions of different SAWs, notably Rayleigh and skimming waves, which can potentially overlap. To identify these contributions and to explain the difference in the shape of V/V measured by deflectometry and BDD, a semi-analytical model has been developed. This model describes the generation and propagation of elastic waves in a semi-infinite medium, taking into account the transient optical, thermal, and mechanical processes occurring in the sample.
III. SEMI-ANALYTICAL CALCULATIONS OF ACOUSTIC WAVEFORMS
Several modelings of the generation of elastic waves in an anisotropic halfspace by transient point or line sources have been developed. 23, 24 The purpose here is to take into account the excitation of the elastic waves by a photothermal process. The localized photoinduced temperature rise caused by the pump laser in the medium, induces a thermal dilatation which leads to the generation of elastic waves by thermo-elastic coupling. Thus, the modeling is based on the description of the evolutions of the temperature field in the medium and of the elastic displacement.
A. Coupled temperature diffusion and acoustic propagation equations
A semi-infinite anisotropic viscoelastic medium of density ρ occupies the region x 1 ≥ 0 with a plane surface located at x 1 = 0 in cartesian coordinates (x 1 , x 2 , x 3 ) (see Fig. 2 ). The origin is chosen to coincide with the center of the pump laser spot at the free surface of the sample. The absorption of the radiation of this incident pump laser leads to a sudden localized temperature rise of the sample. Assuming the temperature field is not affected by elastic waves, the photoinduced temperature rise T is described by the heat conduction equation,
where Q is the source term corresponding to the absorption of the pump laser beam and κ the tensor of heat conductivity. The displacement field u is solution of the equation of motion,
where the components σ ij of the stress tensor σ are given by
The components of the viscoelasticity tensorC i jkl are given by a Kelvin-Voigt model 26 and the tensor λ is the product of the viscoelasticity tensor and the thermal rigidity tensor α. It is worth noting that the thermal stress is the source term of Eq. (2).
B. Solutions in the frequency domain
Equations (1) and (2) can be solved simultaneously in the frequency-wavelength domain using a triple inverse Fourier transform,
where f stands for either u or T. In the remainder, the hat grapheme denotes functions defined in the dual space.
However, for transversely isotropic media with a symmetry plane parallel to the boundary (x 1 = 0), the cylindrical symmetry of the problem allows calculation of the spatiotemporal evolution of the normal displacement u 1 at a position (x 1 , x 2 , x 3 = 0) by a double Fourier-Hankel transform,
where J 0 stands for the zero-order Bessel function of the first kind. 28 The same scheme can be applied to the other components of the displacement, using convenient Bessel functions. 27 The source term corresponding to the Gaussian pump laser beam propagating at normal incidence in direction x 1 takes the following form:
where I 0 is the incident energy per unit surface, R is the coefficient of the optical intensity reflection at the air/medium interface for a wave propagating in air, G χ is the lateral distribution intensity, and G τ is the laser pulse intensity in time.
Gauss functions of full width at half maximum (FWHM) χ and τ are assumed for G χ and G τ , respectively, with
where a represents a FWHM (a = χ , τ ). The heat flux proportionnal to ∂T/∂x 1 vanishes on the surface x 1 = 0, meaning that the temperature field satisfies a Neumann boundary condition on the free surface. The heat diffusion Eq. (1) in the dual space (ω, k 2 ) being a second order differential equation, taking into account the Neumann boundary condition yields the solution
and T β = 1,
In the dual space (ω, k 2 ), the vectorial equation of motion (2) is a system of two second order differential linear equations with source terms,
The solution of this system is the sum of a homogeneous solution and of a particular solution. Each component of the spectrum of the homogeneous solution is expressed as a plane wave,Û h = (Û 1 ,Û 2 ) exp(− jk 1 x 1 ), where k 1 is the projection of the wavevector in direction x 1 , leading to the eigenvalues problem
The solving of Eq (12) 
The spectrum of the displacement field is expressed aŝ
where the coefficientsζ n are the amplitude of the bulk waves (n = L, T). The termsÛ β andÛ are the amplitude vectors of the particular solutions resulting from the optical absorption and of the thermal stress, respectively. These amplitude vectors are obtained by replacing the displacement fieldû(x 1 ) by each particular solutionÛ q e −qx 1 in the system (11). The normal stress σ 11 and the tangential stress σ 12 on the free surface x 1 = 0 are expressed as
where
Vanishing of both normal and tangential stresses on the free surface (x 1 = 0) leads to the expressions of the amplitudes Rev 
The spatiotemporal evolution of the normal displacement u 1 is calculated from the amplitude of bulk waves (ζ n ) in the (ω, k 2 ) space using a numerical inverse Fourier transform (5). The determinant of Eq. (17) contains fundamental information on the waves generated in the medium. Zeros correspond to poles or branch points in the complex plane. To preserve the influence of those singularities and avoid numerical divergence altogether, a numerical technique based on a complex frequency is used in order to calculate the inverse Fourier transform.
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IV. DISCUSSION
In this section, the semi-analytical calculations presented in Sec. III are compared to reflectivity change measurements in order to identify the contributions of the different generated SAWs. results are normalized (peak-to-peak amplitude set to 1). Remarkable agreement is observed between experimental results and calculations for every pump-probe distance d.
A. SAWs probed by deflectometry
For these calculations, the components of the viscoelasticity tensor are identified by fitting numerical results to experimental data. We chose an isotropic symmetry with the independent components of the elasticity tensor C 11 = 176 GPa and C 44 = 41 GPa (in good agreement with previously reported values 30 ). The viscoelastic dissipation is taken into account in the modeling through a Kelvin-Voigt model in space (ω, k 2 ),C = C + jωη, where η is a tensor of viscosity. The independent components of the dynamic viscosity tensor are η 11 . 31 From the Rayleigh pulse half temporal period τ (see Fig. 5 ), the central frequency of the Rayleigh wave is calculated at f R = 1/2τ = 1.7 GHz. From this frequency, the calculated acoustic wavelength λ R is 1.7 μm, close to twice the pump spot size on the sample surface (≈1.6 μm).
Thanks to this modeling, we identify the Rayleigh surface wave in Fig. 4(b) for delay close to 1.5 ns. The Rayleigh wave being non-dispersive, its temporal and spatial derivative are proportional V R × ∂u 1 /∂x 2 = ∂u 1 /∂t. This explains the phase shift observed on Fig. 4(b) between BDD and deflectometry measurements, confirming that deflectometry measurement is indeed proportional to the spatial (and temporal in this case) derivative of the BDD measurement.
Pump-probe distances considered for Fig. 5 are high enough to avoid any photothermal contribution to V/V. Such a contribution is observed in Fig. 6 where d is set to 0.9 μm. On the raw deflectometry measurement (see inset of Fig. 6 ), the photothermal and SAWs contributions are of the same order of magnitude, preventing from clearly identifying skimming and Rayleigh waves. However, one can remove the photothermal contribution by subtracting a reflectometry measurement from the raw deflectometry measurement. The so-corrected deflectometry measurement is presented in the main plot in Fig. 6 . Skimming and Rayleigh waves are now clearly observable, the agreement between measured data and calculated ∂u 1 /∂x 2 being very good. A slight discrepancy is observed between the measured and calculated relative amplitudes of the skimming wave compared to that of the Rayleigh wave. This difference could be due to a deflection of the probe beam caused by a temperature gradient 18 (and hence a refractive index gradient) on the probe focus point, this gradient being negligible for d greater than the thermal diffusion length.
B. SAWs probed by the BDD technique
Similar comparisons have been carried out between BDD measurements and calculation of the normal displacement u 1 of the surface, using the titanium alloy properties found in to axial symmetry of the laser beams. This is not the case anymore when d = 0, and deflection of the probe beam occurs as a SAW propagates through the probe focal spot. This deflection modifies the probe power transmitted by the iris, adding a deflectometry contribution (proportional to the local slope ∂u 1 /∂x 2 ) to the BDD contribution (proportional to the normal displacement u 1 ). The amplitude of the deflectometric contribution reaches a plateau when the Rayleigh wave is probed outside the region heated by the pump spot, that is after a ≈2 μm propagation distance in our case.
In order to separate these two contributions, the BDD setup can be modified to optimize the vertical sample position x 1 with respect to the probe waist. 16 Indeed, setting the sample at the exact waist position would cancel the contribution of the normal displacement u 1 and only a deflection contribution would be measured. This property of the BDD technique should allow the simultaneous measurement of both the normal displacement u 1 and the local slope ∂u 1 /∂x 2 from BDD signals measured for different sample positions.
V. SUMMARY AND PERSPECTIVES
In conclusion, GHz SAWs have been generated on a semi-infinite titanium alloy using the absorption of femtosecond laser pulses and have been detected with two different optical schemes, the deflectometry and the BDD techniques. These techniques have been experimentally implemented by slightly modifying a conventional reflectometric setup, which makes them particularly straightforward compared to interferometric measurements. In order to analyze the optical generation and the detection of elastic waves on a semi-infinite medium, a semi-analytical model taking into account both the photothermal generation and the thermo-acoustic coupling has been developed.
As expected, deflectometry signals are proportional to the spatial derivative of the normal displacement, ∂u 1 /∂x 2 . For pump-probe distances greater than the thermal length, these measurements are in remarkable agreement with the calculated ∂u 1 /∂x 2 . Comparison between data and calculations has enabled characterization of the titanium sample and identification of skimming and Rayleigh waves. For smaller distances, good agreement is also achieved after subtraction of the photothermal contribution. Fine comparison between BDD measurements and calculations of the normal displacement reveals that BDD data sets may contain also a nonnegligible contribution of deflection for large pump-probe distances.
Both experimental techniques and modeling can be applied to the characterization of anisotropic and viscoelastic halfspaces. In the future, these experimental techniques can be directly adapted to study the influence of submicrometric surface defects on GHz SAWs propagation or to tackle the study of interface acoustic waves between solids and transparent media, either solid or liquid.
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